Wepurified calmodulin to apparent homogeneity from Tora-mame(Phaseolus vulgaris) seeds, one of the Japanese cultivars of the commonbean. Electrophoretically, the purified Tora-mame calmodulin migrated faster than bovine brain calmodulin in the presence or absence of Ca2 +. The estimated molecular weight of Tora-mame calmodulin was 14,200 in the presenc of Ca2 + and 18,200 in the absence of Ca2 +. Like other plant calmodulin, Tora-mame calmodulin lacked tryptophan and contained 1 mol each of tyrosine and half cystine per mol of protein. However, Tora-mame calmodulin has fewer acidic amino acid residues than other plant calmodulins did. Rat brain phosphodiesterase (Ca2+-PDE) was stimulated by Tora-mame calmodulin, but the concentration of Tora-mame calmodulin, giving the half-maximal activation of Ca2+-PDE, was higher than that of bovine calmodulin, and the maximal activity of Ca2 +-PDEobtained with Tora-mame calmodulin was lower than that obtained with bovine protein. The Ki value of W-7, a calmodulin antagonist, for Tora-mame calmodulin (17^m) was larger than that for bovine calmodulin (8 /im). These observations suggest that hydrophobic regions of Tora-mame calmodulin exposed by Ca2 + -induced conformational changes were slightly different from those of bovine calmodulin.
by Ca2 + and calmodulin.6'7) Biopharmacological studies, using calmodulin antagonists, have suggested that hydrophobic regions of vertebrate calmodulin that are exposed by Ca2+-binding may be important for the functions of this protein to activate the calmodulindependent enzymes.8'9) However, little is known about characteristics of hydrophobic regions of plant calmodulin. For this work, we purified calmodulin from Tora-mame seeds (Phaseolus vulgaris), one of the Japanese cultivars of the commonbean, 2641 and compared the purified protein with mammaliancalmodulin with special regard to the effects on rat brain phosphodiesterase, one. of the calmodulin-dependent enzymes, and the interaction with a calmodulin antagonist, W-7.
Materials and Methods
Tora-mameseeds were purchased from a commercial source and pulverized finely with a cryo-mill. Phenyl
Sepharose 4B and DEAE-cellulose (DE52) were purchased Co2 +-dependent phosphodiesterase assay. Ca2 +-PDE was assayed by the method ofHidaka and Asano. * 3) Unless otherwise noted, the reaction mixture (0.5 ml) contained 50mM Tris-HCl (pH 8.0), 5mM MgCl2, 0.4/xm cyclic [8-3H]GMP (500 cpm/pmol), 0. 1 mMCaCl2, an appropriate amount of calmodulin, and 0.34ng of rat brain Ca2+-PDE, and was incubated at 30°C for 15min. The reaction was stopped by boiling for 5min, followed by addition of 50fig of snake venomand the mixture was incubated for another 10 min. Then, 1 ml of water was added and denatured protein was removed by centrifugation. The clear supernatant was put on a small cation exchange resin column (AG 50W-X4, 200 to 400 mesh, 0.7 x 1.5 cm). The product, [3H]guanosine, was eluted with 1.5ml of 3 n ammonium hydroxide after washing the column with 15ml of water. The product was measured in a liquid scintillation counter (Beckman 1 801).
DansyI-calmodulin fluorescence spectra. Dansyl-calmodulin fluorescence spectra were recorded at 25°C with a Hitachi 650-60 spectrofluorometer as described. 14) Other methods. Protein was measured by the method of Lowryet al.17) with bovine serum albumin as a standard.
In some experiments, Ca2+-EGTA buffer18) was used to estimate the precise concentration offree Ca2 + in a reaction mixture.
Results
Purification of Tora-mame seeds calmodulin
As shown in Table I , 7mg of purified Tora-mame calmodulin was obtained from 500g of ground Tora-mameseeds and the overall recovery was approximately 17%.
Calmodulin accounted for about 0.09% of the soluble protein in the initial Tora-mame seeds extract (Table  I ). The purified Tora-mame calmodulin was homogeneouswhen tested with SDS-polyacrylamide gel electrophoresis ( Fig.  1) . Tora-mame calmodulin migrated slightly faster on the gel than bovine calmodulin both in the presence and absence of Ca2+. The apparent molecular weight of Tora-mame calmodulin was estimated to 14,200 in the presence ofCa2+ and 18,200 in the absence of Ca2+. On the other hand, the apparent molecular weights of bovine calmodulin in the presence and absence ofCa2+ were 16,800 and 20,000, respectively.
Aminoacid composition
The amino acid composition of Tora-mame calmodulin was similar to that of other calmodulins but differed slightly in the following points (Table II) . First, Tora-mame calmodulin contained fewer acidic amino acids, such as aspartic acid and glutamic acid residues, than the other calmodulins did.
Second, it contained more alanine residues than the other protein did. Ca2 + -induced conformational change The UVabsorption spectrum of Tora-mame calmodulin is shown in Fig. 2 . From 250 to 275nm, Tora-mamecalmodulin displays a characteristic spectrum due to its high content were calculated by using Ca2+-EGTAbuffer system.18) naphthalene-1-sulfonyl-calmodulin (dansylcalmodulin) fluorescence can serve as a probe for the interaction between Ca2 + and calmodulin.12'140 Thus, we investigated the effects of Ca2 + on dansyl-Tora-mame calmodulin fluoresence. The fluorescence emission spectrum of dansyl-Tora-mame calmodulin was dramatically altered by the addition of Ca2+ and there was a "blue shift" from 525 to 495nmand an increase in the intensity (data not shown). The percentages of maximalchanges at 495 nmof Tora-mameand bovine calmodulins were plotted as a function of Ca2+ concentration, using the Ca2+-EGTA buffer system18) (Fig.   3 ). Ca2+-induced conformational changes of both proteins were observed from 10"6m Ca2+. The Ca2+-titration curve of dansyl Tora-mame calmodulin was indistinguishable from that of dansyl-bovine calmodulin; the binding constants of both proteins for Ca2+ were 1.7fiM.
Activation of rat brain Ca2+-PDE
The effects of Tora-mamecalmodulin on rat brain Ca2+-PDE were examined (Fig. 4) . Tora-mamecalmodulin was slightly less effective than bovine calmodulin on activating Ca2+-PDE. When both calmodulins were assayed under the same conditions, the maximal activity obtained with Tora-mame calmodulin was about 75% of the value obtained with bovine calmodulin, and the half maximal activation of Ca2+-PDE was obtained at 30 and 68ng/ml of the Tora-mame and bovine proteins, respectively. The Ca2+-dependence of both calmodulins on activation of Ca2+-PDE is shown in Fig. 5 . The Ca2+ concentration for the half maximal activation of Ca2+-PDE by Tora-mame calmodulin (1.9 fiM) was slightly higher than that by bovine calmodulin (1.6 jam).
Inhibition of the calmodulin stimulation oj
Ca2+-PDE activity by W-7
The effects ofW-7, a calmodulin antagonist, on Ca2+-PDE activity stimulated by Toramamecalmodulin were examined. The addition of W-7 to the reaction mixture above 3/im markedly inhibited the activity (data not shown). Figure 6 shows the effects of Tora-mame calmodulin on Ca2+-PDE in the absence or presence of 20fiM and 40/im W-7. The inhibition of Ca2+-PDE by W-7 activity was restored by the addition of excess Tora-mame calmodulin. These observations suggest that W-7interacts with Tora-mame calmodulin as a calmodulin antagonist. When analyzed by Dixon plots (Fig. 7) , the Ki values of W-7 for Tor-mameand bovine calmodulins were 1 7 and 8 jj,m, respectively. W-7 may inhibit Ca2+-PDE activity in a competitive fashion with this concentration of Tora-mame calmodulin.
Discussion
The methods described for purifying bovine brain calmodulin10)
were unsuccessful for Tora-mameseeds, because these seeds contain large amounts of proteins in the TCAprecipitated fraction. Therefore, we used ammoniumsulfate fractionation after the TCAprecipitation. Tora-mame seed calmodulin differs from bovine calmodulin in electrophoretic mobility (Fig. 1) , amino acid composition (Table II) , activation of vertebrate phosphodiesterase (Fig. 5) , and affinity for calmodulin antagonist (Fig. 7) . The amino acid composition of Tora-mamecalmodulin was similar to that of wheat germ and spinach leaf calmodulins, but differences were observed in acidic amino acid contents. Since both vertebrate and yeast calmodulins contain no cysteine residue, this amino acid might be specific for plant calmodulin (Table  II) . Watterson et al. reported that the activation curves of bovine brain Ca2 +-PDE for spinach calmodulin and bovine brain calmodulin were superimposable.3) Recently, Thompsonet al. reported that calmodulins from leaves of latex-producing plants stimulated heart Ca2 +-PDE, and the Ka (half maximal effect) of these plant calmodulins was slightly higher than that of bovine brain calmodulin.23) However, they did not indicate the maximalactivity value obtained with those plant calmodulins. While the Tora-mame calmodulin stimulated rat brain Ca2 +-PDE, the abilities of Tora-mame protein to stimulate the enzyme were different from that of bovine protein: the maximal activity value of the enzyme, the concentration of calmodulin for half-maximal activation, and the concentration of Ca2+ for half-maximal activation (Figs. 4 and 5). These observations suggest that dissimilarities in the primary structure may exist not only between mammalianand plant calmodulins but also among plant proteins. W-7 inhibited the activity of Ca2 +-PDE in the presence of Ca2 + and Tora-mame calmodulin, and addition of excess Tora-mame calmodulin could overcome the inhibition (Fig.  6) .
However,the apparent Ki value for Tora-mame protein was larger than that for bovine protein (Fig. 7) . These kinetic analyses suggest that hydrophobic regions of Tora-mame calmodulin, which may be the functional domain of this protein, were slightly different from those of bovine protein.
